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i ABSTRACT

Fatigue behavior of two different batches of fibrous FP-A1 composites

was investigated. The nominal fiber value fraction of the two batches was
0.52 and 0.55, respectively. Several specimen types were tested: the un-
notched coupon, the SL specimen, and two types of coupons with 1/8 in. and
3/8 in. diameter circular holes. One group of unnotched coupons was rein-
forced in the transverse direction, all other specimens were reinforced in
the direction of the applied load.

Cyclic loading was applied at constant amplitude, at three different
cyclic ratios R = Smin/Smax, equal to 0.1, -1.0, and -5.0. Certain speci-
men groups were not tested at R = -1.0 and/or R = -5.0. Endurance limits
were evaluated at 2x10 6 cycles of loading. Cyclic load was often applied
in 2xlO6 cycle steps, and the load amplitude was elevated after each step,
at constant R. Static and residual tension and compression strengths of
the test specimens, and elastic properties of the two batches of composite
material were also evaluated.

A related analytical investigation of residual thermal stresses, and
of the elastic-plastic deformation of the specimens under cyclic loading
was performed. The shakedown range of all test specimens was evaluated.
Also, local fiber stresses at the circular holes were calculated.

Comparison of experimental and theoretical results suggests that the
unnotched SL specimens generally fail at stress amplitudes which are
smaller than the calculated shakedown ranges. This seems to suggest that
fatigue damage in these specimens is caused by extension of preexisting
flaws in the material, which takes place while the matrix experiences
elastic cyclic straining. On the other hand, specimens with circular
holes fail at stress amplitudes which coincide with, or exceed, the shake-
down range. This suggests that fatigue damage may be related to cyclic
plastic straining of the matrix.

Fatigue endurance limits are significantly smaller than the residual
static strength, especially at R = -1.0, and R = -5.0. The strength
reduction is particularly pronounced in compression. The unidirectional
FP-Al material delaminates rather easily under compression loading, and
this reduces its compression endurance limit to values which can be as
low as 9% of the static compression strength.
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1. INTRODUCTION

Material selection in structural design often relies on evaluation of

fatigue properties. In the case of fibrous metal matrix composites, such

information is available primarily for boron/aluminum and graphite/aluminum

systems. However, with the exception of the recent study of Tsangarakis,

Slepetz and Nunes (1983), little work has been reported on fatigue behavior of

alumina-fiber reinforced aluminum (FP-Al) composites.

This investigation examines the response of the FP-Al system under both

tensile and compressive cyclic loads, and also in the presence of circular

holes. In the experimental part of the study, fatigue endurance limits have

been evaluated at 2x10 6 cycles on unnotched specimens, and on specimens with

1/8 in. and 3/8 in. diameter circular holes. A related analysis of

elastic-plastic deformation of the specimens under cyclic loading has been

performed and used in interpretation of the experimental data. Of particular

interest here was an examination of the relationship between shakedown and

onset of fatigue damage in the aluminum matrix, which was demonstrated earlier

in experiments on annealed boron-aluminum (Dvorak and Johnson, 1980).

Magnitudes of fiber stress in the vicinity of circular holes under cyclic

loading were evaluated as well. The fatigue damage modes, under various

loading conditions were also examined.

This report describes the experimental program, its results, the

plasticity analysis of test specimens, and interpretation of the experimental

data.

p1
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2. MATERIALS AND SPECIMENS

The FP/AX composite material specimens were obtained from DuPont

through AMMRC in two different batches. The first batch was delivered in

the summer of 1981, it consisted of unidirectionally reinforced coupons,

b in. x 0.5 in. x 0.1 in. About 10 of these coupons were reinforced in

the direction transverse to the longitudinal specimen axis, and perpendi-

cular to the plate, i.e., the fibers were 0.1 in. long. The remaining 24

coupons or the first batch were reinforced in the longitudinal direction.

The second batch was delivered in the spring of 1983. It consisted

of 45 coupons of the 6 in. x 0.5 in. x 0.1 in. size, and of 15 wider

coupons, 6 in. x 1.5 in. x 0.1 in. All these coupons were reinforced

longitudinally.

The fiber volume fraction of each batch was determined by examination

of micrographs taken from sections perpendicular to the fiber direction.

Five randomly selected areas were examined at 2 00x magnification, to de-

termine the number of fibers in a typical area. Also, 400x magnification

micrographs were made from these areas to determine the average fiber

diameter. The results obtained from this procedure indicated that the

nominal fiber folume fraction of the first batch was cf = 0.52, whereas

cf = 0.55 for the second batch. The average fiber diameter was equal to

2U Wm.

The test specimens made from the available coupons are shown in

iigure 1. The shape shown in Figure la is the streamlined, or SL speci-

men designed by Oplinger et al. (1982) for testing of composite materials

which are sensitive to failure in the tab or in the gripped area. The

streamlined contour makes it possible to avoid this problem by providing

a large transition region between the grip and the gage section. Stress
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concentrations in this region are significantly reduced, while a uniform

axial stress is transmitted in the minimum width section. Although

fatigue or static failure of a SL specimen typically takes place at a

section which is not identical with the minimum width section, the area

of the minimum width section is actually used in calculation of the

failure stress.

All SL specimens were machined by an AMMRC supplier. To reduce

occasional roughness of machined edges, all specimen edges were smoothed

with a fine file and with emery cloth. Also, minimum section dimensions

and the position of the longitudinal specimen axis were carefully

measured on a magnifying optical bench, and any excentricities detected

in this way were compensated for in gripping of the specimens.

All specimens with holes were made from the original coupons at the

University of Utah, with carbide or diamond-coated drilling tools.

In addition to the specimens shown in Figure 1, tests were made on

U.5 in. wide coupons without a hole (c.f. Figure Ib). These coupons were

used for the transversely reinforced material, and in initial tests of

axially reinforced samples. Most of the transverselly reinforced

specimens failed away from the grip area and thus gave valid results.

However, the axially reinforced coupons were sensitive to failure in grip

area. Therefore, this design was replaced by the SL specimen, Figure la.

All specimen types shown in Figure 1 were used with fiber reinforce-

ment in the longitudinal direction.

I

.4~
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3. TEST PROCEDURES

3.1 instrumentation and Grips

Axial tension and compression testing, both under static and cyclic

loading, was conducted on two MTS testing machines of 55 and 165 kip

capacity. Axial strain in the specimens was measured by an MTS extenso-

meter, as well as by strain gages mounted on both sides of the specimens.

Several specimens were also provided with strain gages for evaluation of

both transverse and longitudinal strain. Readout from strain-gage and

extensometer measurements was obtained from standard MTS-supplied

conditioners and digital voltmeters. These were frequently calibrated

with the help of a mechanical extensometer calibration bench.

At the onset of the program, it was anitcipated that all specimens

would be tested in standard wedge-type grips. These grips were actually

used on all transversely reinforced samples which typically failed in the

gage section. On the other hand, the use of the standard grips with the .

specimens shown in Figure 1 was rejected after some preliminary tests on

the following grounds:

a) The FP/Ak specimen material was found to be relatively brittle and

thus sensitive to geometrical imperfections. Precise specimen

alignment in the grips was deemed essential. This could not be

achieved in the standard grips.

b) The standard grip assembly with the universal joint would invariably

exhibit transverse vibrations during fatigue testing. It was deter-

mined that these vibrations were caused by lack of accurate align-

ment, and also by apparently nonuniform distributions of the fibers,

as discussed in more detail below. These vibrations could not be

eliminated while standard grips were used.
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c) Both tension and compression tests were contemplated, and this made

the standard grips unsuitable for the program.

To alleviate these difficulties, two types of custom-made grips were

designed. The first type was a set of bolted flat plate grips with

serrated gripping pads holding the specimen. The side edges of these

grips were carefully aligned and polished. A supporting calibration

table containing two vertical micrometers was made for these grips.

Specimens were fastened in these grips after their precise position was

fixed by the micrometers, on the basis of accurately measured dimensions.

The grips were joined by a temporary bracket before their removal from

the calibration table, to prevent accidental bending of the specimen

during mounting of the grips in the testing machine. Since these flat

plate grips were used only in tension testing, they were attached to the

machine by 1 in. dia. pins. Once the grip specimen assembly was fixed by

the pins, the grips -hemselves were fastened to auxiliary brackets, sup-

ported on four vertical ground bars by Thompson bearings. These bars were

connected to the frame of the machine in such a way that the brackets and

grips could slide in the direction of applied load, but could not move or

vibrate in the transverse direction. This gripping procedure, although

elaborate and time-consuming, was found to be free of the above-mentioned

problems, and it guaranteed alignment of the specimens with excentricities

not exceeding O.OUI in.

The second type of custom-made grips was designed for testing in

both tension and compression. Figures 2a to 2d show these grips. Figure

2 a provides a view of the grips holding a test specimens in the 55 kip

MTS machine. Figure 2b shows a close up of the grip assembly with

lateral micrometers and supporting plattens to prevent specimen buckling.
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Figure 2c shows an open disassembled grip, and the tapered ends of the

micrometers which are normally in contact with the side edges of the test

specimen. Finally, Figure 2d shows a magnified view of the anti-buckling

plattens with the rolling pins on the inside. These plattens were

loosely fastened to the specimen, with spring-loaded bolts so that the

specimen remained free to expand laterally under axial compression load.

Of course, the tension-compression grips are not self-aligning,

hence considerable care was required in their manufacture. Their perfor-

mance was checked with an instrumented steel coupon which was loaded in

tension and compression. Normal and transverse, in-plane strains, as

well as in-plane and transverse bending strains were measured for the

four possible positions of the instrumented coupon in the grips. No

measurable excentricity was determined.

The tension-compression grips were used in testing of all SL speci-

mens of the second batch, where compensations had to be made for lateral

excentricities caused during machining of specimens. Note that the use

of a particular grip is limited to specimens of a constant thickness;

this was the case in the present investigation.

An additional advantage derived from the use of the custom-made

grips was that specimens required no end tabs. Emery cloth inserts were

fund sufficient. The required grip clamping force was determined in

terms of the torque applied to grip bolts from simple pull-out experiments

ealv in the progrilm, and it was kept approximately constant. The grip

boolt were tlw:,vys tightened with an instrumented torque wrench.

3.2 Loading Conditions

All ;tatic tests used in determination of elastic moduli and static

strengths were conducted at strain rates of the order of 10 - 4 . Slow
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cycling was always applied in suchmeasurements to translate the plastic

loading surface into the stress range of interest.

The purpose of fatigue tests was to evaluate the endurance limit of

each specimen type, for a certain value of R = Smin/Smax, at 2 x 106

cycles. Since specimens were in short supply, it was deemed useful to

modify the customary testing prcedure in which a constant stress amplitude

is applied to a specimen until failure or runout take place. This pro-

cedure requires the use of many specimens as it searches for the endur-

ance limit from above. In the present work the constant stress was

applied incrementally, in intervals of 2 x 106 cycles. The first speci-

mens tested in this way were used to identify approximately the endurance

limit magnitude. They were usually started at fairly low stress level,

and the stress amplitude was gradually elevated, at a constant R, until

the specimen failed. Some of these tests took as much as 20 x 106 cycles

to complete. Subsequent specimens were first tested at stress levels

hich were only slightly lower than the failure stresses of the first

samples, and again loaded in 2 x 106 cycle increments until failure.

A concern that immediately arises with this procedure is related to

damage development next to the drilled holes. For instance, one may

argue that damage growth at lower stress may alleviate the severity of

stress concentration without causing failure, and thus strengthen the

sample. Other hypothetical situations can be envisioned. The test re-

suits do not seem to justify any such concerns as the stress amplitudes at

tallure showed a remarkably low scatter and were clearly independent of

the number of cycles applied to a sample. The modified procedure utilizes

a lrnost each specimen to confirm the endurance limit and thus gives rather

reliable results from a Limited number of samples. Six specimens were

• .- --- .-
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lateral bounlary of the hole, at an applied stress approximately equal to

the matrix yield stress. Development of plastic zones during loading is

illustrated in Figure 31. Upon unloading from plastic state one recovers

an elastic domain, about as large as the initial elastic region. Further

cycling was conducted to find if the elastic region would expand. This

does not actually happen unless one assumes substantial strain hardening

in the matrix. Of course, the elastic region on the stress-strain curve

translates along the loading axis in a similar manner as in Figure 28.

Stresses in the highly stressed fiber at the boundary of the hole

were also evaluated during the loading/unloading cycle. The results are

shown in Figure 32. As the matrix yields, the fiber stress grows faster

than it would in an elastic specimen.

The results of this loading cycle provide sufficient information for

interpretation of the experimental data. Further cycling is possible,

but the information found in this way does not seem to justify the cost

ot additional calculations.

The results obtained for cf = 0.52 are very similar to those one

would find for cf = J.55. If desired, one could make a simple extra-

polation. Also, since the specimens shown in Figure lb and Ic are geo-

metrically similar, the analytical results found for the 0.5 in. wide

Ck),Ipon with a I/P in. hole are similar to those one would find for the

wii'r -iinpLe 'with a 3/ in. hole.

.4
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which is an appropriate choice for stress-controlled tests.

With this value of allowable matrix stress, the shakedown range Ash

of the SL test specimens can be found, from the model in Figure 28. The

Young's moduli of the constituents are taken as:

Fiber: Ef = 380 GPa

Matrix: Em = 72 GPa, oy = 75 MPa

The results are:

Shakedown range of SL specimens

cf Ash
f2  (MPa)

0.52 3.19 478

0.55 3.31 496

in the second column we list the ratio of shakedown range of the com-

posite to the endurance range of the matrix. Note that, from Figure 28:

&sh/"y =c/E m

The shakedown limit of the specimens with circular holes, Figure 1,

weri? evaluated with the help of the PAC78 finite element program (Bahei- 1
.1

LL -;am, et aL., 1961 ). Figure 29 shows the finite element mesh used in

the calculation. Figure 30 shows the calculated stress-strain curve for

time specimen, during a single loading cycle, with yield points found for

loading and unloading. The matrix yield stress was taken as equal to 10

ksi in this calculation. Initial Yielding starts, as expected, at the
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Fatigue damage is often observed in the form of matrix fatigue

cracking. In composite systems with a relatively weak fiber-matrix bond

and large diameter, strong fiber, the cracks tend to propagate around the

fibers. Such cracks were found in the annealled B-AZ system (Dvorak and

Johnson, 1980). They do niot damage the fibers, only reduce composite

stiffness in proportion to their density. On the other hand, composite

systems with strong bonds, and relatively weak, small diameter fibers are

often susceptible to fiber breaks caused by the matrix cracks. There, a

single matrix crack may break the fibers in its path and extend from the

original microscopic size, typically of the order of fiber diameter, to

macroscopic or critical size. This process is usually not accompanied by

a significant development of distributed cracks and other damage in the

matrix, hence no stiffness loss is observed prior to failure. The FP-Ak

system tested above appears to belong in this latter category, it fails

by self-similar crack growth, like a metal or ceramic would under similar

circumstances. Additional evidence pointing in this direction was pro-

vided by the work of Tsangarakis et al. (1983). Obviously, shakedown _-

analysis may still be useful because it may indicate the loading condi-

tions which should not cause failure in a metal matrix composite which is

initially free from damage.

).Z Shakedown Analysis of Test Specimens

Correlation of fatigue test data with shakedown analysis of composite

specimens is best accomplished when the analysis is based on matrix en-

durance range, rather than yield range (Dvorak and Johnson, 1980). In

the present case, the endurance limit of neat matrix material is not

known, it can only be estimated from the fatigue tests of transversely

reinforced samples. From Table [I one finds the value of 75 MPa (1t ksi),

16
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m m-•initiated from Sma, the am changes from B to C. At C, m = -ay and

compression yielding takes place if S is reduced further. If that happens,

the matrix stress changes along CD, the fiber stress along C'D'. On the

other hand, if Smin 4 S < Sma x during each cycle, the matrix, and the

composite remain elastic during subsequent cycling. The matrix yield

surface has thus been translated from the original range -Sy < S < +Sy to

a new loading range Smi n !< S . Smax -

Now, if the loading range is selected in such a way that Smax - Smin

< 2Sy, then the composite will shake down, i.e., assume an elastic deforma-

tion cycle after an initial excursion into the plastic domain. Clearly,

f -

the shakedown range may be shifted on S axis at will, as long as o f < oy,

the fiber yield or failure stress. It is probably obvious that the

shakedown range magnitude is not influenced in any way by any initial

residual stress which may be present in the composite. Indeed, it would

remain same if the initial state was anywhere in the region AB. Hence

the initial residual stress state caused by fabrication has no influence

on the shakedown condition.

The shakedown phenomenon is of considerable interest in fatigue of

fibrous composite materials, c.f., Dvorak and Johnson (1980). Specifically,

if the composite shakes down, and if the matrix endurance limit (defined

at certain N cycles) is not smaller than the matrix yield stress, then

the matrix does not experience low cycle fatigue. Indeed, it may resist

fatigue damage for the number of cycles for which the matrix endurance

limit was originally defined. Conversely, if the loading amplitude

Smax - Smin is larger than 2 Sy, then the composite may not shake down.

The ma-ix is deformed plastically during each cycle, and it usually

souffers fatigue damage after about 50,000 cycles of loading.
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direction of a mutual constraint between matrix and fiber. In fibrous

materials the principal constraint exists in the fiber direction, that is

also the direction of applied load. Minor constraints exist in other

loading directions. Numerous examples of this phenomenon were shown by

Dvorak et al. (19 7 5 a, 1975b), and Teply (1984).

An illustration appears in Figure 28. We consider the response of a

fiber composite represented by a material model consisting of a fiber and

a matrix element, both attached to rigid plates at the ends. Here, Vm

and Vf indicate phase volume fractions, Em, Ef the Young's moduli. This

model is quite adequate for reasonably accurate examinations of plastic

response of a unidirectional composite in uniaxial tension. The macro-

scopic stress S is applied through the rigid plates as shown. Our objec-

tive is to estimate the fiber and matrix stresses of and a m in the course

of a macroscopic loading cycle S. Without the loss of generality one may

assume that the composite is initially stress free.

The response of the composite element under load is shown in Figure

26. The overall stress S is plotted on the horizontal axis, the local -

axial normal stresses am, of on the vertical axis. Now, when S > 0 is

first applied to the element, both fiber and matrix deform elastically,

local stresses of, am increase from 0 to A', and A, respectively. At

S = Sy the matrix yield stress is reached, am = ay. If the matrix is

assumed to be perfectly plastic, then no additional stress increase takes

m
place in the matrix, am = ay at S > Sy. Of course, matrix hardening can

be introduced without difficulty. Now, any additional increment in S is

taken up by the fiber, for S > Sy the fiber and matrix stress increments

are dot = dS/Vf, dam - 0.

Suppose that S = Smax, and of, am are at B', B. If unloading is
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components, at the end of the cooldown cycle at room temperature, is sig-

nificantly affected by the fact that the matrix yields plastically, through

the entire cooldown period. In the case of the FP-AX system fabricated

by vacuum casting, the material deforms in a viscous manner after solidi-

fication, and then plastically. The viscous and inviscid modes are mixed

and their relative contributions depend on the rate of cooling. In any

event, the magnitude of matrix stresses after cooldown is such that the

largest normal stress is found in the fiber direction and is almost equal

to the matrix tension yield strength at room temperature. Thus its magni-

tude is usually equal to 10 ksi or so in aluminum, and it is not strongly

dependent on the thermoelastic constants of the fiber or matrix. The

hoop stress is of similar magnitude, also tensile, the radial stress is

much smaller and it is compressive. Actual values are unimportant, for

as will be seen later, the initial stress state is completely changed by

subsequent cyclic loading.

It follows that the as-fabricated composite when loaded in tension,

deforms plastically from the onset of load application. This has been

observed in the present work, and also by Tsangarakis et al. (1983).

Rowever, if the composite is unloaded after initial loading, it immedi-

ately becomes elastic and deforms elastically until the matrix axial

normal stress reaches the value of compressive yield stress.

In the case of constant amplitude cyclic loading one can select a

load amplitude which keeps the composite entirely in the elastic range,

or, alternatively, a load amplitude which causes plastic straining of the

matrix in a certain part of the cycle.

This behavior is associated with the phenomenon of constraint

hardening, which allows the composite yield surface to translate in the
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5. ANALYTICAL RESULTS

5.1 Shakedown and Fatigue in Fibrous Composites

Interpretation of the experimental results reported above can be

facilitated by theoretical analysis of mechanical behavior of test

specimens in the course of fabrication and subsequent monotonic or cyclic

loading. Of course, the dominant feature of mechanical behavior of metal

matrix composites is the plastic deformation of the matrix, which affects

the overall response. Many aspects of composite plasticity have been

described in the work by Dvorak et al. (1975, 1976, 1984), hence we limit

our attention to specific results pertaining to the present experimental

program.

The residual stresses which are present in the fibrous composite

after fabrication can be determined without difficulty, by analyzing the

plastic response during cooldown from the fabrication temperature.

Several techniques can be utilized for this purpose, sor_ have been

described by Dvorak and Rao (1976) and Dvorak and Wung (1984), together

with specific examples for B-AX, W-Cu, and graphite-aluminum systems.

The results obtained for these different systems are remarkably similar

in several respects; and thus provide useful guidance for the case of the

FP-A. system which has thermomechenical properties similar to those of

B-AZ. First, thermal expansivity of the aluminum matrix is much larger

than that of the fiber. During cooldown from fabrication temperature the

matrix tends to contract much more than the fiber, and this causes devel-

opment of residual stresses. In general, there is a significant tension

normal stress in the matrix, in the fiber direction. Also, tensile hoop
-

stress and compressive radial stresses are present in the matrix, in the

vicinity of fiber-matrix interface. The magnitude of these stress

S ,- 1



14

by cycling. All failures were in out-of-plane shear, probably preceded

by fiber buckling or kinking.

Results of the last set of tests on 1 1/2 in. wide coupons with a

3/8 in. hole are presented in Tables XII and XIII for R = 0.1, and R =

-1.0, respectively. Corresponding graphs are shown in Figures 21 and 22.

droken samples photographs are presented in Figures 23 to 25, and corres-

ponding radiographs in Figures 26 and 27. These specimens showed a strong

tendency to delaminate at R = -1. This is evident from Figure 22, and

from the photographs in Figures 24, 25, and 27. In fact, delamination

was the only mode of fatigue failure in these samples at R = -1. The de-

laminated specimens were tested in static tension. Compression tests of

these samples were not performed because relatively large forces would

have been involved and there was concern about possible damage to the

antibuckling plattens, and to grips, during sudden specimen failure.

The results of compression static tests, i.e., the residual compres-

sion strength should be regarded with caution. Most of the specimens

tested at R = -1 and R = -5 delaminated before the test was conducted,

and some were held together only by the bolted grips, Figure 2. Such

support may not be available in a composite structure where a hole may

cause onset of catastrophic delamination failure at compression stresses

which are smaller than the values shown in Table II.
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with incremental loading, Section 3.2.

Tables VI to VIII present the data for SL specimens tested at R -

0.1, R = -1.0, and R = -5.0. Figures 6 to 8 show these results in graphs.

Figures 9 to 11 show the broken specimens. Of particular interest here

is the delamination caused by high compressive stress at R - -5, Figure

, 11. To explore the extent of possibly invisible internal delamination in

these SL specimens, radiographs of the broken samples were made. These

appear in Figure 12; the specimens are arranged in the same order as those

found in Figure 1. A comparison of these two figures suggests that the

delaminated zones which appear on the radiograph can also be seen on the

* photographs. This is generally true for all similar comparisons that

follow. The stress level at onset of delamination at R = -5 corresponds

to the endurance limit. Specimens were inspected visually for possible

delamination after termination of each incremental loading step. The

grips provided sufficient support at the specimen ends for the delamina-

tion to proceed in the midsection of the specimen. Some of the specimens

with incipient delaminations were tested statically.

Tables IX to XI and Figures 13 to 15 present fatigue test results

for 0.5 in. wide coupons with a 1/8 in. hole, tested at R = 0.1, R = -1,

and R = -5, respectively. Delamination started to appear at R = -1, at

the stress levels corresponding to maximum cyclic load applied to the

specimen. Delaminations are illustrated in Figures 16-18 which show the

* broken samples. Also, in Figures 19 and 20, on radiographs of specimens

from Figures 17 and 18. Note that the image that appears in Figure 20

has been reversed against that shown in Figure 18.

*O Three static compression tests were performed on uncycled specimens

in this set of experiments. Compression strength appears to be unaffected

6' ". i , ., l '~m.,.'~m", .. ..,,, - ,i , .-
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The next three columns refer to residual static strength of specimens

which survived cyclic loading. The ratio Sn/S o denotes the residual ten-

sile strength of notched specimens divided by that of the unnotched SL

sample tested at a certain R. The last two columns indicate the ratio of

endurance limit se to static residual strength S. Both values are taken

either in tension, or in compression. Note the strong effect of decreasing

R on Se/S, and the remarkably low values of compression Se/S, caused by

delamination of test specimens.

4.2.2 Batch No. 1, cf 0.52

Detailed description of test results obtained on this material will

e now be presented. -.

Table III and Figure 3 show the results for transversely reinforced

0.5 wide coupons. The standard testing procedure was followed here, not

! the incremental one discussed in Section 3.2.

Table IV and Figure 4 show test results for longitudinally reinforced

- SL specimens. The incremental loading technique of Section 3.2 was used.

The results are thus plotted in Figure 4 on a linear cycle scale, rather

than the usual logarithmic scale. In this and later figures a dark circle

denotes failure, an open circle indicates runout followed by a static

test for residual strength.

Table V and Figure 5 give results for longitudinally reinforced

coupons with a drilled 1/8 in. hole. Again, the incremental loading

technique was used.

4.2.3 Batch No. 2, cf = 0.55

S All samples in this batch were reinforced with fibers parallel to

the longitudinal direction. Also, all tests in this group were conducted

6

- . - p .g.
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such test was there a measurable reduction of the modulus that could be

attributed to damage growth in the cycled sample.

4.2 Fatigue Test Results

4.2.1 Summary of Results

As pointed out in Section 3.2, the purpose of fatigue testing was to

evaluate the endurance limit of a given specimen set at 2 x 106 cycles of

loading applied at a constant value of the cyclic stress ratio R. In

addition, residual static strength in tension, or in compression, was

determined on selected specimens. Also, the stress level at which

*€• delamination of specimen material was first observed was recorded.

Prior to proceeding with the detailed description of individual test

results, we present a summary of all results in Table II.

The first column gives the nominal fiber volume fraction of the spec-

imen material. Recall that cf = 0.52 refers to the first batch of samples

delivered in 1981, while cf = 0.55 denotes the second batch received in

1983. Specimen types are shown in Figure 1, the transversely reinforced

coupon had the dimensions shown in Figure Ib, without the hole. The third

column lists the cyclic stress ratio R - Smin/Smax. Measured endurance

* limits Se are listed in the fourth column. Next we show the endurance

e e
range Ae = Smax - Smin The sixth column indicates the ratios of notched

e e
fatigue strength Sn to the unnotched value So found for the SL specimen

* at a certain value of R. The seventh column gives similar ratio for the

e e e e
endurance range An/Ao. Note that with decreasing R the ratio Sn/So de-

e e
creases, so does An/Ao, but at somewhat different rate. Also, the

compression stress component at R < 0 reduces tensile fatigue strength

but the total stress range expands in the direction of compressive stress.

60

- .. - - - - -
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This provides an indication that the coupons are not necessarily

homogeneous in the transverse direction, probably as a consequence of

uneven fiber distribution in the transverse plane, or due to internal

damage, or both. In any event, the above results were utilized in

sorting of the specimens for fatigue testing. Specimens with largest

excentricity A were tested only in tension. Those with moderate A were

selected for tension-compression tests at R (R Smin/Smax) , and

those with low A for tests at R = -5.

In addition to the moduli, static strength and strain to failure

were measured on selected specimens. All static test results appear in

Table I.

TABLE I Static Test Results

Batch E V U.T.S. Ef
(GPa) (MPa) (%)

I (Transverse) 143 171 0.37

I (Axial) 216 0.27 581 0.30

2 (Axial) 228 0.25 600 0.32

It should be emphasized that the ultimate tensile strength and fail-

ure strain were obtained on one or two specimens. This was done to save

as many specimens as possible for fatigue testing; static strength data -

are generally available in the literature. Therefore, the above U.T.S.

and £f values should be regarded as approximate, and more attention

should be given to the residual strength values of fatigue tested

specimens which are reported in the sequel.

Overall Young's moduli were also measured on specimens with and

without holes which were previously subjected to fatigue loading. In no

.-. " -
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4. TEST RESULTS

4.1 Elastic Moduli and Static Strength

Young's modulus and Poisson's ratio of the specimen material were

measured on prismatic coupons, in as-delivered state, before these coupons

were made into SL or other specimens shown in Figure 1. In the case of

the specimens of the first batch, strain was measured by strain gages

bonded to the specimen surface, and the stress-strain curve was plotted

on an x-y recorder. Each specimen was loaded in several cycles. Plastic

straining was frequently'observed during loading, while elastic behavior

was evident during unloading. The unloading elastic modulus was taken as

* equal to the Young's modulus.

Specimens of the second batch were examined in a different way. An

extensometer was attached first to one, and then to the other specimen

surface. In each configuration the unloading elastic modulus was measured

during each of six unloading cycles. The strain in this case was read

directly on the digital display, together with the applied stress. Aver-

age moduli for each configuration were calculated and compared as follows:

Let EA, EB be the Young's moduli measured on either side of the specimen

such that EA > EB. Furthermore, let A = (EA - EB)/EA. On 41 coupons ex-

amined, it was found that 0 4 A < 0.038 with the following distribution:

No. of Specimens 100 A No. of Specimens 100 A

13 0 - 0.5 2 2.0 2.5

b 0.5 1.0 4 2.5 b 3.0

b 1.0 1 1.5 2 3.0 - 3.5

0 1.5 2.0 2 3.5 4.0
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typically used to establish the endurance limit, where twice as many would

be needed if the standard procedure was followed.

An additional advantage of the modified procedure became evident in

the course of tension-compression cyclic testing. Fatigue failure was

often preceded by longitudinal delamination which started at the drilled

holes, or in the narrow section of SL specimens. The incremental loading

technique made it possible to detect the stress level at which delamina-

tion had first appeared.

S

S
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b. INTERPRETATION OF EXPERIMENTAL RESULTS

The analytical results of the previous sections provide a certain

insight into the internal stresses in the test specimens, and into their

changes during cyclic loading. However, it must be pointed out that very

little is known about actual in-situ properties of the aluminum-lithium

matrix. Our attempts to obtain the matrix material were not successful.

This makes it difficult to evaluate the quantities of interest with a de-

sirable degree of accuracy. Hence, the analytical results must be com-

pared with experiments only in regard to obvious trends, less emphasis

should be placed on specific numerical values.

First, consider the connection between shakedown and onset of fatigue

damage. If there was a definite connection, then no sample would fail

below its shakedown limit, or within its shakedown range. It may only

fail outside this range. When this proposition is examined for the SL

specimens, one finds from table on p. 20 that the shakedown range Ash is

equal to 478 MPa at cf = 0.52, and to 496 MPa at cf = 0.55. In contrast,

corresponding experimental results in Table IV show that the endurance

range of SL specimens was equal to only 366 MPa at cf = 0.52, R = 0.1,

and to 409 MPa at cf = 0.55, R = 0.1. In both instances failure took

place well within the calculated shakedown range. On the other hand, at

R = -1.0 in cf = 0.55 material, the endurance range agrees with the .-

shakedown rane, and exceeds it by almost a factor of two at R = -5.

One may ask if the tension-tension specimens did fail because of

high fiber stresses. This question is difficult to answer because the

fiber fatigue strength is not known. Clearly, the static fiber strength

was not exceeded at endurance limit.

Thus the reasons for fatigue failure at R = 0.1 are not to be

- - *. '. -.
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derived from the above-mentioned possibility of matrix damage caused by

cyclic plastic straining. The samples fail well within the elastic

range. A more feasible explanation is that the failure was caused by

propagation of internal flaws which were present in the material after

fabrication. Also, hidden surface damage caused by machining of the

samples may be responsible. We recall that rather extensive areas of

dry fibers, and many broken fibers were found in the FP-AX material by

Tsangarakis et al. (1983). We note that the material of our first batch

is from the same melt as batch no. I in Tsangarakis et al. (1983). As

expected, identical values were found in their and our investigation for

* identical quantities.

Next, the question about shakedown and fatigue can be posed for the

specimens with holes: Can one relate the shakedown and endurance ranges?

An affirmative answer can be given in this case. From Figures 30 one can

find that the shakedown range for the specimen is of approximately same

magnitude as the shakedown range of the matrix. For cf - 0.52 one finds

that the matrix shakedown range is equal approximately to 150 MPA (2 x 75

MPa from transverse tests). This compares well with the actual values at

R = U.1, which are 155 MPA in cf = 0.52, 1/8 in. hole, 189 MPA for cf =

U.55, 1/6 in. hole, and 155 MPA for cf = 0.55, 3/8 in. hole; all at R =

u.1.

1f course, one should note that the maximum cyclic fiber stress is

6 very high at the endurance limit. When the values of Se are taken from

Table I1 (172, 186, and 172 MPA at R = 0.1) and compared with the

results of Figure 32, one finds that the maximum fiber stress is equal to

about 120U MPA, which is close to static strength of the fiber at 1380

MPa. The fiber stress is about twice as high in the specimens with holes,

6 .
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as in the SL specimens at endurance limit. This, of course, is not an

unusual occurrence in composite materials, and can be inferred from the

work of Waddoups et al. (1971) and Whitney and Nuismer (1974).

In conclusion, the specimens with holes failed outside stress ranges

which coincide with the calculated shakedown ranges. Actual values depend

rather strongly on actual loading conditions. Larger holes and large

negative values of R are obviously detrimental. Figure 33 summarizes the

results. Theoretical prediction of failure stresses is difficult, if not

impossible. Design information should be sought from experimental data.

To emphasize this point, Figures 34 and 35 show the stress ratios

e e
* Sn/So, and Sn/So, from Table II. Both the hole size and the magnitude of

e e
the cyclic stress ratio R affect the measured values of Sn/So and Sn/S o*

The hole diameter appears to have a more significant effect on the reduc-

tion of endurance limits than on residual static strength. The stress

ratio R has a small influence. However, note the comparatively large

e e
reduction of Sn/So at R = -5. No such effect on Sn/So is seen.

It is probably obvious that these results cannot be interpreted in

terms of the models which are available for comparable reductions in

static strength (Waddoups et al., 1971, Whitney and Nuisner, 1974).

• Therefore, the experimental points in Figures 34 and 35 are connected by

straight lines for the sake of clarity of presentation. Additional tests

with different hole sizes would be needed for construction of more accurate

0_ plots.

A reason for delamination of the specimens with holes tested in

tension-compression can be found in the results of the numerical calcu-

• lations. When the compression stress is applied, it causes a transverse

normal tensile strain, as well as a shear strain, at the lateral tangent

I" . . . . I

[ . -0' 7. . . i
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to the hole boundary. We recall from Figures 19, 20, 24, 25 that this

tangent line is also the line of delamination. When these two strains

are applied in a cyclic fashion, they apparently give rise to a delamina-

tion type shear crack.

A similar phenomenon is not observed in tension-tension fatigue of

specimens with holes because the normal strain across the tangent is com-

pressive. A quantitative evaluation of these strains at test conditions

shown in Table IV may be of interest in a future investigation.

Reasons for the observed delamination of the SL specimens are

unclear at this time.

0

".
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- 7. CONCLUSIONS

Tension and compression, static and fatigue tests on notched and un-

notched FP-AZ specimens suggest the following:

(i) Fatigue endurance limits of FP-A specimens, with or without holes, -

are substantially lower than static strengths of these specimens.

Reduction magnitudes depend on the applied cyclic stress ratio R.

Tension endurance limits are in the range of 0.71 " 0.84 of the

residual tensile strength at R - 0.1, but this range is 0.53 z 0.60

at R = -1, and 0.20 0.31 at R - -5. Compression endurance limits

are in the range of 0.14 + 0.18 of static compressive strength at

R = -1; at R = -5 this range is 0.21. (See Table II). Delamina-

tion is the principal damage mode in cyclic tension/compression

tests.

(ii) The unidirectional FP-A2 material is susceptible to delamination

cracking in the longitudinal direction under cyclic tension/

compression loading. This may be prevented or reduced by adding

off-axis fiber layers.

(iii) The magnitudes of both static strength and fatigue endurance

limits are affected by the diameter of the drilled hole, and by*
the magnitude of R, c.f., Figures 34 and 35.

(iv) Interpretation of the experimental results in terms of theoretical

models appears possible only in a limited way. Specifically, it

was found that the notched specimens do not fail when tested in-

side their shakedown range, Figure 3. This seems to suggest that

failure in these specimens is related to cyclic plastic straining

in the matrix, which occurs when the specimens are tested at

0]
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stress amplitudes which exceed the shakedown range of the specimen.

However, this interpretation cannot be applied to unnotched SL

specimens which fail within their shakedown range. Failure of

these specimens appears to be caused by propagation of flaws which

have been found in the as-fabricated material.

(v) Endurance limits for FP-AZ specimens with different hole sizes,

tested at different R ratios, can be determined only on the basis

of experimental results. Reliable predictions cannot be made at

this time.
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TABLE III

Transversely Reinforced 1/2 in. Coupouns, cf = 0.52, R = 0.1

No. Smax  N Note Residual Strength
psi cycles psi MPa

1 19,040 6,760 Fatigue failure

2 15,040 223,140 Fatigue failure

3 13,550 13,620 Fatigue failure

4 10,000 2 x 106 Runout
12,000 2 x 106 Runout 24,200 167

5 13,550 872,820

13,000 2 x 106 Runout 25,370 175

7 13,000 2 x 106 Runout 24,650 170

8 13,000 1,130,690 Fatigue failure

9 Static tension 24,850 171

e
ENDURANCE LIMIT, So 12,000 psi 83 MPa
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TABLE IV

SL Specimens, cf = 0.52, R = 0.1

No. Smax  N Note Residual Strength
psi cycles psi MPa

lOb-DK30-20 49,000 2 x IU6 Runout 81,736 564

l.b-DK30-16 49,500 2 x 106 Runout
50,000 2 x 106 Runout 91,176 629

106-DK3U-19 54,000 2 x 106 Runout 78,511 541

10b-DK30-21 58,00U 2 x 106 Runout
b0,000 2 x l06 Runout
62,000 2 x lob Runout
64,000 2 x 106 Runout
b5,000 2 x 106 Runout
6,000 2 x jo6 Runout
67,00U 300,000 Fatigue failure

1 6-DK30-36 b2,000 1,609,000 Fatigue failure

1(Ub-i)K3o-14 oO,00UU 2 x 106 Runout
61,000 2 x 106 Runout
62,000 2 x 106 Runout
b3,000 877,590 Fatigue failure

lJ6-DK30-lj 60,000 61,140 Fatigue failure

e
LNDUKANCE iAlMIT, So = 59,UO psi = 407 MPa
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TABLE V

1/2 in. Coupons With 1/8 in. Holes, cf = 0.52, R 0.1

No. Smax  N Note Residual Strength
psi cycles psi MPa

i ib-UJ5-2U 13,132 1,450,000 Runout
17.000 2 x IU6 Runout
19,500 2 x 106 Runout
2i,50U 2 x 1 0 b Runout
23,5uo 2 x lob Runout
27,500 383,300 Fatigue failure

I1 17,000 2 x 106 Runout
19,500 2 x 106 Runout
21,50U 2 x 106 Runout
23,500 2 x 106 Runout
25,5(Oj 1,099,000 Fatigue failure

15 25,500 1,450,500 Fatigue failure

136-DJ5-3b 24,000 2 x 106 Runout
24,500 2 x 106 Runout
25,000 1,291,800 Runout
25,500 1,515,700 Runout 37,058 256

136-oJ5-37 24,000 2 x 106 Runout
24,500 2 x 10 Accidental failure

136-UJ5-35 25,150 2 x 106 Runout
25,250 2 x L 0  Runout
25,4Uu 2 x 106 Runout
25,b000 1,025,000 Fatigue failure

e
LNDIj;ANCE LIMT, S1 = 25,U0 psi = 172 MPa

-1
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TABLE VI

SL Specimens, cf = 0.55, R = 0.1

No. Smax  N Note Residual Strength
psi cycles psi MPa

63-FP-16 b2,000 187,200 Fatigue failure

63-FP-36 oO,000 2 x 106 Runout
b2,O00 2 x 106 Runout
b4,000 2 x lob Runout
b6,000 2 x 106 Runout
b6,000 1b6,400 Fatigue failure

63-FP-32 6b,000 2 x 106  Runout
b8,000 101,200 Fatigue failure

bi-F'P-22 Static tension 98,831 681

oJ-FP-23 bb,000 2 x 106 Runout '"
67,U00 2 x 106 Runout
67,500 52,300 Fatigue failure

63-FP-1 66,000 2 x 106 Runout 1
67,000 2 x 106 Runout
67,500 2 x 106 Runout
b,UO00 101,700 Fatigue failure

e
E.,'DILKANCE LIMILT, So = 6b,000 psi 455 MPa

'~ . *
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TABLE VII

SL Specimens, cf 0.55, R = -1

No. Smax  N Note Residual Strength
psi cycles psi MPa

b3-FP-13 50,000 1,902,000 Fatigue failure

63-FP-10 52,000 2 x 106 Runout
54,000 1,624,300 Fatigue failure

63-FP-2i 48,000 1 x 106 Runout 82,235 567

43-FP-8 4,000 2 x 106 Runout
50,U00 2 x 106 Runout
52,000 2 x 106 Static compression -262,945 -1,813

63-FP- 19 48,000 2 x 106 Runout
50,00o 606,500 Fatigue failure

o3-FP-36 48,000 2 x 106 Runout
50,000 2 x 106 Runout 83,196 574

o3-FP-41 50,U0 2 x 106 Runout
Static compression -270,148 -1,863

e
LPREL, LIMIT, o =48,000 psi 331 MPa
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TABLE XIII

1 1/2 in. Coupons With 3/8 in. Holes, cf 0.55, R = -1

No. Sma x  N Note Residual Strength
psi cycles psi MPa

B-I-I 26,000 1,000,000 Delamination
2b,000 1,000,000 Runout 49,200 270

8-2-1 22,000 1,500,000 Delamination
22,000 500,000 Runout 44,740 308

B-3-i 15,000 2 x 106 Runout
* 18,000 2 x 106 Runout

21,000 2 x 106 Delamination 34,421 237

B-I-If 18,000 2 x 106 Runout
20,000 1,500,000 Delamination 35,056 242

6-2-11 16,000 2 x 106 Runout
18,000 2 x 106 Runout
20,000 1,200,000 Delamination 40,353 278

8-3-11 17,000 2 x 106 Runout
19,000 2 x 106 Delamination 39,039 269

B-1-I. 17,000 2 x 106 Runout
* 19,000 2 x 106 Runout

20,000 2 x 106 Runout

22,000 2 x 106 Delamination 33,859 233

B-2-11L 19,000 2 x 106 Runout
* 22,000 2 x 106 Delamination 39,355 271

6-3-111 21,000 2 x 106 Runout
22,000 2 x 106 Delamination 34,870 240

e
ENDURANCE LIMIT, Sn = 16,000 psi = 124 MPa

0
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TABLE XII

L 1/2 in. Coupons With 3/8 in. Holes, cf = 0.55, R = 0.1

No. Smax  N Note Residual Strength

psi cycles psi MPa

B-14-IV 15,000 2 x 106 Runout

18,000 2 x 106 Runout
21,000 2 x 106 Runout
24,000 2 x 106 Runout
2b,000 1,834,000 Fatigue failure

B-27-11 23,000 2 x 106 Runout
24,000 2 x 106 Runout

* 25,000 2 x 106 Runout
2b,000 2 x 106 Runout 35,123 242

6-I5-IV 24,000 2 x 106 Runout
25,000 2 x 106 Runout
26,000 2 x 106 Runout

27,000 2 x 106 Runout
28,000 2 x 106 Runout
29,000 500,000 Runout
30,000 1,500,000 Runout
32,000 233,800 Fatigue failure

B-13-IV 24,000 2 x 106 Runout
26,000 2 x 106 Runout
28,000 2 x 106 Runout

30,000 2 x 106 Runout
32,000 2 x 106 Runout
34,000 b2,300 Fatigue failure

B i-13-!11 28,000 2 x 106 Runout

30,000 z x 106 Runout
32,000 31,300 Fatigue failure

6-15-ll[ 28,000 2,800 Fatigue failure

e
ENDURKANCE LIMIT, Sn = 25,000 psi = 172 MPa

a!
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TABLE XI

-c1/2 in. Coupons With 1/8 in. Holes, cf =0.55, R =-5

No. 5tnax N Note Residual Strength
psi cycles psi MPa

* 83-FP-2 12,000 200,000 Delamination
12,000 1,800,000 Runout
15$000 2 x l0b Runout
18,000 1,321,500 Fatigue failure

63-FP-2b 15,000 7,500 Delamination
15,000 1,992,500 Runout
18,000 219,300 Fatigue failure

63-FP-39 8,000 1,000,000 Runout
12,000 954,200 Delamination

Static compression -200,113 -1,380

83-FP-33 10),000 435,000- Delamination
10,000 1,400,000 Runout 51,352 354

63-FP-35 6,000 2 x 106 Runout
8,000 2 x 106 Runout

1 
10,000 1,214,200 

Delamination 
38,3U9 

264

63-FP-6 6,000 2 x 106 Runout
8,000 2 x 106 Runout
10,000 2 x 16 Delamination

*Static compression -190,116 -1,311

e
ENDURANCE LIMIT, Sn =8,000 psi =55 MPa
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TABLE X

1/2 in. Coupons With 1/8 in. Holes, cf =0.55, R =-1

No. Sma N Note Residual Strength
psi cycles psi MPa

63-FP-5 12,000 2 x 106 Runout
14,000 2 x16 Rnu

14,000 2 x 106 Runout
18,000 2 x 106 Runout
10,000 2 x 106 Runout
22,000 2 x 106 Runout
24,000 2 x 106 Runout
26,000 2 x 106 Runout

28,000 1,254,500 Fatigue failure

63-FP-6 24,000 2 x 106 Runout
2b,000 2 x 106 Runout
28,000 2 x 106 Runout
30,000 850,000 Fatigue failure

63-FP-20 2b,000 2 x 106 Runout
28,000 2 x 106 Runout
30,000 2 x 106 Runout
32,000 1,900,000 Fatigue failure

63-FP-12- 27,000 2 x 106 Runout
29,000 105,000 Fatigue failure

27,000 2 x 106 Runout
* 2,000 2 x 106 Runout

33,000O 1,193,200 Runout 45,029 310

63-FP-37 28,()00 500,000 Fatigue failure

e
ENDJURANCE LI1MIT, Sn 2 7 ,000 psil186 MPa

07
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TABLE IX

r1 /2 in. Coupons With 1/8 in. Holes, cf = 0.55, R 0.1

- No. Sma x  N Note Residual Strength
psi cycles psi MPa

63-FP-19 22,500 2 x 106 Runout
23,500 2 x 106 Runout
24,500 2 x 106 Runout
25,500 2 x 10b Runout

26,500 2 x 106 Runout
27,500 2 x 106 Runout
28,500 2 x 106 Runout
29,500 2 x 106 Runout
30,500 2 x 106 Runout

31,500 304,700 Fatigue failure

63-FP-27 27,500 2 x 106 Runout
28,500 2 x 106 Runout
29,500 2 x 106 Runout

30,500 2 x 106 Runout
31,500 301,200 Fatigue failure

63-FP-4 30,500 2 x 106 Runout 37,950 262

63-FP-3 29,500 1 x 106 Runout
30,500 2 x 106 Runout 36,367 251

b3-FP-24 29,500 2 x 106 Runout
30,500 2 x 106 Runout 38,104 263

* Static
63-FP-14 compression -203,732 -1,405

Static
63-FP-17 compression -194,218 -1,339

* Static
63-FP-4U tension 35,962 248

Static

83-FP-6 compression -189,927 -1,310

e
ENDURAINCE LIMIT, Sn = 30,500 psi = 210 MPa

0.:
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TABLE VIII

SL Specimens, cf 0.55, R = -5

No. max  N Note Residual Strength
psi cycles psi MPa

63-FP-2d 16,000 2 x 106 Runout
20,000 2 x 106 Runout

23,000 2 x 106 Runout
2b,000 2 x 106 Runout
29,000 300 Fatigue failure

63-FP-11 15,000 2 x 106 Runout
19,000 2 x 106 Runout

* 22,000 2 x 106 Runout
26,000 2 x 106 Runout
28,000 542,800 Fatigue failure

63-FP-30 25,000 2 x 106 Runout
27,000 88,870 Fatigue failure

b3-FP-31 26,000 2 x 106 Runout 79,232 546

63-FP-7 25,000 2 x 106 Runout
26,000 2 x 106 Runout 101,020 697

63-FP-15 25,000 2 x 106 Runout
26,000 286,790 Fatigue failure

63-FP-16 25,000 2 x 106 Runout

27,00 2 x 106 Runout 106,070 731

e -
ENDURANCE LIMIT, So = 25,000 psi = 172 MPa

--. . - " .i -. i.2 .. . - -
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